INTRODUCTION
Quorum sensing is widely employed by a variety of grampositive and gram-negative bacterial species to coordinate communal behavior. It usually involves the regulation of specific genes in response to population density. This coordinated gene expression is achieved by the production, release, and detection of small signal molecules called autoinducers. At low population densities, basal-level expression of an autoinducer synthase gene results in the production of small amounts of autoinducer signal molecules that diffuse out of the cell and are immediately diluted in the surrounding environment. An increase in bacterial population results in the gradual accumulation of autoinducers in and around the cells. The autoinducer specifically activates a transcriptional regulator protein by binding to it. Activated regulators then interact with target DNA sequences and enhance or block the transcription of quorum-sensing-regulated genes, resulting in the synchronous activation of certain phenotypes in a bacterial population ( Fig.  1) (41, 44, 109) .
Bacteria use quorum sensing to regulate a variety of phenotypes, such as biofilm formation, toxin production, exopolysaccharide production, virulence factor production, and motility, which are essential for the successful establishment of a symbiotic or pathogenic relationship with their respective eukaryotic hosts (83, 101, 111, 118, 134) . According to a previous report, quorum sensing is more common in plant-associated Pseudomonas spp. than in free-living soil Pseudomonas spp. (30) . This observation suggests that quorum sensing is important in bacterial relationships with eukaryotes.
Molecular cross talk between bacteria and eukaryotes has been described for a variety of symbiotic or pathogenic rela-tionships (27, 75, 129, 143) . Recent research has revealed that eukaryotes are capable of interfering with bacterial communication by the production of molecular signals that interact with the bacterial quorum-sensing system (54, 81, 141, 155) . Such quorum-sensing-interfering (QSI) compounds have been intensely investigated for their potential as microbial control agents. This review aims to discuss several natural, synthetic and genetic methods of manipulating bacterial quorum sensing. In addition, we summarize information about the various components of the bacterial quorum sensing system, which could be potential targets for modeling QSI compounds.
Quorum Sensing in Gram-Negative Bacteria
Quorum sensing was first described for the luminous marine bacterium Photobacterium fischeri (Vibrio fischeri). In 1970, Kenneth H. Nealson and John W. Hastings of Harvard University observed that these bacteria do not luminesce until they reach a high population density. Based on this observation, they hypothesized that bioluminescence in this organism was probably regulated by molecular messengers that traveled between cells. They called these messengers "autoinducers" to refer to the fact that the autoinduction was in response to one's own culture supernatants, and they predicted that these molecules could enter target cells and activate the expression of the genes responsible for bioluminescence (36, 76, 95, 96) . Further research in this field has confirmed their prediction and identified the autoinducer signal made by P. fischeri as N-acyl homoserine lactone (AHL) (28) .
P. fischeri is a facultative symbiont of marine fishes and squids. The bacteria live in the light organs of these marine animals and produce luminescence, which helps the animals escape from predators. In return, the bacteria gain nutrients and shelter from their host (26) . The bacteria are also capable of a free-living lifestyle, and they alternate between the symbiotic and free-living modes in accordance with the circadian rhythm of the squid (63) . Interestingly, bioluminescence is exhibited by the bacteria only when they are in the symbiotic mode of life and not in the free-living state. This regulation of bioluminescence is mediated by quorum sensing. In the freeliving state, the bacterial AHL synthase (LuxI) constitutively produces basal amounts of AHLs, which immediately diffuse out of the cell into the surrounding marine environment. Once the bacteria enter the confined space in the light organs of the squid, the AHLs accumulate as a function of population density. At high cell densities or in a confined space, the increasing concentration of AHLs leads to the binding and activation of a specific response regulator called LuxR (53, 56, 114, 152) . The activated LuxR then binds to a specific palindromic sequence on the DNA, called the "lux box," located upstream of the quorum-sensing-regulated genes. LuxR bound to the lux box recruits RNA polymerase, thus resulting in enhanced transcription of the luciferase enzymes and other proteins involved in the production of bioluminescence (29) . An interesting feature of this type of quorum-sensing system is that the autoinducer synthase gene is a target for LuxR. Thus, activation of the quorum-sensing cascade results in increased expression of autoinducer synthase, leading to the production of more AHLs. This acts as a positive feedback loop and significantly amplifies the quorum-sensing effect (21, 32, 33, 37, 70) . Similar quorum-sensing networks involving AHLs as autoinducer signals have been described in a large number of gram-negative bacteria, including Agrobacterium spp., Rhizobium spp., Pseudomonas spp., Brucella spp., and Vibrio spp. (34, 41, 52, 139, 150) . In addition to AHLs, bacterial quorum sensing is known to involve other types of autoinducer signals, such as autoinducer 2 (AI-2), cyclic dipeptides, and others (20, 49, 138) .
QSI Compounds
The coordinated expression of genes involved in virulence, colonization, and symbiosis is crucial in host-bacterial interactions (16, 59, 105, 121) . In the case of pathogenic bacteria, early activation of virulence genes, such as those for toxin production, may result in triggering host defense responses and thereby giving the host an early advantage over the bacteria, particularly when their population density is low (80, 155) . It would be beneficial for bacterial survival to avoid the production of virulence factors until their numbers could ensure their success. Coordinated expression of these phenotypes could potentially prevent wasting precious energy incurred during the synthesis of compounds that are not required for bacterial growth and survival at that particular time. A similar logic can be applied to symbiotic bacteria, where coordinated expression of specific genes at high population densities will ensure the presence of higher concentrations of the molecular signals required for the establishment of such a relationship with a eukaryotic host.
Eukaryotes, including algae and higher plants, produce several compounds that interfere with bacterial quorum sensing (38, 40, 140) . These QSI compounds include molecules that mimic autoinducer structure and/or function and compounds that are antagonistic to the autoinducer molecules (141) . In addition, QSI compounds could potentially target other components of the quorum-sensing system, such as interfering with the stability and function of the regulator protein or the autoinducer synthase (54, 82) . Production of QSI compounds is not necessarily targeted towards a specific bacterial population. It has been previously observed that exudates from one plant species contain several types of QSI compounds, which vary in their specificity towards different bacterial strains (38, 89, 141) . For example, exudates from pea seedlings appear to inhibit quorum sensing in Chromobacterium violaceum but to activate quorum sensing in Pseudomonas and Serratia (141) . It is possible that these activities are due to multiple signal molecules present in the same exudates. Thus, by making the QSI compounds, the eukaryotic host may be simultaneously conversing with a variety of different bacterial strains that it encounters in its natural habitat, potentially encouraging the beneficial ones and antagonizing the harmful strains.
KEY PLAYERS IN A QUORUM-SENSING NETWORK

Autoinducers
Autoinducers are usually small molecules that either diffuse freely across the cell membranes or are actively transported out of the cell (1, 53, 104) . This discussion will be limited to the quorum-sensing system in gram-negative bacteria. The quorum-sensing systems of gram-positive bacteria have been extensively described elsewhere (79, 134) .
Acyl homoserine lactones. Acyl homoserine lactones are the major group of autoinducer signals in gram-negative bacteria. They have a conserved homoserine lactone (HSL) ring with a variable acyl side chain (Table 1) . Based on the length of the acyl groups, AHLs can be broadly classified as short-or longchain molecules. Short-chain AHLs have 4 to 8 carbon atoms in the acyl moiety, while long-chain AHLs have 10 to 18 carbons. The length and saturation level of the acyl chains coupled to the presence or absence of oxo or hydroxyl substitutions at the C-3 position of the acyl chain provide variation and specificity for quorum-sensing communication in a mixed bacterial population (58, 85, 88, 123, 125) .
According to previous reports, a variety of different bacterial strains could make the same AHL, but this AHL may be involved in the regulation of different phenotypes in each strain. For example, 3-oxo-C 6 -HSL activates bioluminescence in P. fischeri but regulates exopolysaccharide production in Erwinia stewartii (148) . This cross talk has facilitated the creation of quorum-sensing indicator strains that can be used to detect the presence of AHLs in a given sample (70, 88, 137, 158) .
Autoinducer 2. AI-2 was first recognized as a quorum-sensing signal in Vibrio harveyi by Bassler et al. (5) . Since then, this type of signaling has been discovered in many gram-negative bacteria, such as Salmonella spp., Erwinia spp., and Escherichia spp. AI-2 is described as a global signal molecule for interspecies communication, as it is made by gram-positive as well as gram-negative bacteria (3, 4) . The AI-2-type signaling is involved in the regulation of bioluminescence in V. harveyi (6) , type III secretion in Escherichia coli O157:H7 (130), the virulence factor VirB in Shigella flexneri (19) , and over 400 genes as indicated by microarray analysis conducted with E. coli strains (22, 131) . Interestingly, recent work on dental biofilm-forming bacteria shows that AI-2 signaling is required for the formation of mixed-species biofilms (67, 90) .
The crystal structure of AI-2 bound to its sensor protein LuxP from V. harveyi identified it as a furanosyl borate diester ( Table 1 ). The proposed structure contains two fused fivemember rings containing one boron atom bridging the diester (13) . The AI-2 signal molecule isolated from Salmonella enterica serovar Typhimurium is a (2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran that lacks boron. The two bacterial species recognize two different forms of the AI-2 signal, both derived from the same precursor, dihydroxyl-2,3-pentane dione (92) . Yet, it has been previously shown that AI-2 signals cross communicate and activate the V. harveyi indicator strain (135) . This leads to the possibility that other gram-positive and gram-negative AI-2 signal molecules could belong to different subsets of dihydroxyl-2,3-pentane dione derivatives.
Cyclic dipeptides. A new class of autoinducers was recently identified in strains of Pseudomonas based on their ability to activate AHL biosensors. Structural analysis indicated that these new signal molecules were the diketopiperazines (DKPs) cyclo(L-Ala-L-Val) and cyclo(L-Pro-L-Tyr), respectively (see Table 1 ). Additional DKPs have also been identified in Proteus mirabilis, Citrobacter freundii, Enterobacter agglomerans, Pseudomonas fluorescens, and Pseudomonas alkaligenes. Although the DKPs activate AHL biosensors, they do so at a much higher concentration than AHLs. The induction threshold for DKPs is around 0.3 mM, while that for 3-oxo-C 6-HSL is 1 nM for the activation of the LuxR protein (49) . The higher concentration of DKPs required for activation may indicate that these compounds may not play a significant role in the natural environment. Some of these DKPs, such as cyclo⌬(L-Ala-L-Val), cyclo⌬(L-Pro-L-Tyr), and cyclo⌬(L-Phe-L-Pro), act as antagonists that actually compete with 3-oxo-C 6 -HSL for LuxR and inhibit quorum-sensing-regulated genes. Another report of isolation of cyclic dipeptides from Pseudomonas putida suggests that the DKPs are copurified with AHLs and are capable of activating various bacterial AHL biosensors (20) . Interestingly, DKPs act as AHL antagonists in some strains and as agonists in others. For example, cyclo(L-Pro-L-Val) antagonized bioluminescence in an E. coli biosensor strain, while it activated violacein pigment production in C. violaceum strain CV026. This ability of DKPs from one bacterial strain to cross-communicate with the quorum-sensing networks of unrelated bacteria adds complexity and diversity to the quorum-sensing language.
Bradyoxetin. A cell density factor was proposed to be involved in population density-dependent regulation of the nod genes in Bradyrhizobium japonicum, a gram-negative, nitrogenfixing symbiont of many leguminous plants. The nod genes are repressed at high population densities, and this is mediated by small diffusible signal molecules present in conditioned media of wild-type bacterial cultures (72, 74) . The structural elucidation of cell density factor suggests 2-{4-[[4-(3-aminooxetan-2-yl)phenyl](imino)methyl]phenyl}oxetan-3-yl amine, which has been named bradyoxetin ( Table 1 ). The proposed structure of bradyoxetin is similar to that of a siderophore, mugeneic acid. In accordance with this similarity, bradyoxetin appears to be regulated by iron concentrations in the medium. It is maximally produced under iron-deficient conditions and repressed when Fe 3ϩ is provided in excess (71) . Cross-linking of quorum sensing with nutrient availability has been observed for other bacterial systems (8) . A preliminary analysis suggested that bradyoxetin-like signal molecules were present in the extracts of various Rhizobium strains as well as other species of the ␣-proteobacterial group (71) .
Other types of autoinducers. In addition to the above-mentioned autoinducers, additional signals have been identified in gram-negative bacteria, including autoinducer (AI-3) in E. coli and diffusible signal factor (DSF) in Xanthomonas campestris (2, 132, 147) . The structure of DSF was recently identified as cis-11-methyl-2-dodecenoic acid (Table 1) . These signals appear to regulate phenotypes that are normally regulated by quorum sensing. A detailed analysis of the systems involved in the synthesis and regulation of these new autoinducer signals will definitely be a major contribution to our knowledge and understanding of quorum-sensing-dependent communication in bacteria.
Autoinducer Synthases AHL synthases. LuxI is the enzyme responsible for the synthesis of AHLs in the quorum-sensing system of V. fischeri (33) . The genes for AHL synthases from other bacteria, including species of Rhizobium, Agrobacterium, Pseudomonas, Serratia, Erwinia, and Burkholderia, etc., are homologous to luxI, and their products share conserved residues required for activity (15, 41, 55, 57, 65) . This suggests that the mechanisms of action for all LuxI homologs could be similar to each other. The LuxI synthase specifically catalyzes the amide bond formation between S-adenosylmethionine (SAM) and a fatty acylacyl carrier protein of a specific chain length. It also catalyzes the formation of the acyl homoserine lactone from the acyl-SAM intermediate (42, 94) . The specificity of the AHL synthase to a particular chain length varies depending on the bacterial strain (148) . This allows for the variability in the size of the AHLs made by different bacteria and accounts for the production of multiple AHL types by the same bacteria. Such bacterial strains usually have multiple synthases, with each synthase being responsible for the synthesis of a limited range of AHLs (122) . V. harveyi is known to produce AHLs and use them to regulate bioluminescence. The V. harveyi AHL synthase, LuxM, is not homologous to the LuxI of V. fischeri (5) . This suggested the presence of additional types of AHL synthases. In accordance with this observation, a second AHL synthase, called AinS, was discovered in V. fischeri (39) . This was not homologous to LuxI but appeared to share similarities with LuxM of V. harveyi. The protein was purified, and further studies indicated that this enzyme synthesizes AHLs in a manner similar to that of LuxI; it uses SAM and acyl-acyl carrier protein as substrates and results in AHL production. A unique feature of this synthase is that it can also accept acyl coenzyme A (acyl-CoA) as acyl donor (43) . More recent work by Lupp et al. indicate that AinS is part of a hierarchy wherein it precedes the Lux quorum-sensing system in P. fischeri (78) .
A third type of AHL synthase, HdtS, was identified in P. fluorescens. When cloned into E. coli, this protein catalyzes the production of 3-OH-C 14:1 -HSL, C 10 -HSL, and C 6 -HSL. This protein is not homologous to LuxI-or LuxM/AinS-type synthases (58) .
AI-2 synthase. LuxS is the synthase responsible for the production of the AI-2 signal molecule in V. harveyi (135) . LuxS is an S-ribosylhomocysteinase that catalyzes the cleavage of the thioether linkage of S-ribosylhomocysteine to produce L-homocysteine and 4,5-dihydroxy-2,3-pentanedione. This catalysis is common in both gram-positive and gram-negative bacterial pathways for AI-2 biosynthesis (159). The reaction catalyzed by LuxS is mechanistically unprecedented. Eukaryotic cells contain a similar activity in S-adenosylhomocysteine hydrolase, which utilizes NAD ϩ to oxidize the 3Ј-OH group into a ketone intermediate (103, 159) .
The X-ray crystal structure of LuxS shows that it exists as a homodimer and that two identical active sites are formed at the dimer interface. Each active site contains a catalytically (46, 66, 120) . A more recent study on the crystal structure of LuxS protein suggests that the metal ion in the native protein is Fe 2ϩ and not Zn 2ϩ (159) . The authors of that paper compared the stability profiles and electrospray ionization-mass spectrometry spectra of LuxS protein containing either Fe 2ϩ , Zn 2ϩ , or Co 2ϩ as its metal ion. They showed that Fe 2ϩ -containing LuxS proteins have stability and K m values identical to those of the native enzyme. The rapid oxidation of Fe 2ϩ by oxygen appears to be responsible for the high degree of instability of the LuxS proteins (159) .
Synthases for other types of autoinducers. In addition to the above-mentioned autoinducer synthases, other enzymes are expected to exist due to the discovery of new autoinducers such as cyclic dipeptides, AI-3, and DSF. The production of cyclic dipeptides by bacterial cells is a novel report (49) . This seems to be more common in eukaryotic cells. Although the enzyme responsible for biosynthesis of cyclic dipeptides has not been identified so far, it has been suggested that DKPs can be generated via the nonenzymatic cyclization of linear dipeptides at extremes of temperature and pH (49, 127) .
AI-3 activity appears to be dependent on LuxS (132) . The structure and the enzyme responsible for AI-3 synthesis remain to be described. The DSF made by X. campestris is dependent on the presence of two genes, rpfF and rpfB. They are predicted to have enoyl-CoA hydratase and long-chain fatty acyl-CoA ligase functions, respectively (2) . Additional work on the identification and characterization of the various synthases for these new groups of autoinducer molecules in gram-negative bacteria will be an interesting area for further research.
Quorum-Sensing Regulators
LuxR-type regulators. Quorum-sensing-dependent gene regulation is mediated by transcriptional regulator proteins that are activated upon binding autoinducer molecules. LuxR is the transcriptional activator in V. fischeri (133) . It binds to its cognate AHL, 3-oxo-C 6 -HSL, via a signal-binding region in the N-terminal domain that spans about two-thirds of the polypeptide chain. The interaction between LuxR and 3-oxo-C 6 -HSL appears to be very specific (124, 128) . The C-terminal domain contains a helix-turn-helix motif and interacts with DNA at a specific site called the "lux box." The lux box is a 20-bp inverted repeat upstream of the transcription start site of the target gene (23, 29) .
LuxR-type proteins are required for AHL-mediated quorum sensing. The crystal structure of TraR, the LuxR homolog in Agrobacterium tumefaciens, shows that the AHL is completely embedded within the protein (146, 156) . The crystal structure analysis also revealed that TraR exists as dimers, each binding two molecules of 3-oxo-C 8 -HSL and one duplex DNA fragment. AHL binding also stabilizes the TraR dimers from degradation by cellular proteases (161, 162) .
LuxP/Q-type regulators. AI-2-type quorum sensing is dependent on the activity of LuxP/Q-type proteins. LuxP is a periplasmic receptor that binds the autoinducer AI-2. LuxP modulates the activity of the sensor kinase LuxQ located on the inner membrane and thereby transduces the AI-2 signaling to the cytoplasm. LuxP belongs to the class of periplasmic binding proteins, which bind diverse ligands by clamping them between two domains. LuxQ is a hybrid two-component sensor kinase consisting of a periplasmic sensor domain and cytoplasmic histidine kinase and response regulatory domains (45, 93) .
At low cell densities, LuxQ acts as a kinase and cross phosphorylates histidine residues within the histidine kinase domain. A series of phosphorylation cascades results in the phosphorylation of LuxO. Phospho-LuxO is responsible for the repression of LuxR, the transcriptional activator for luminescence genes in V. harveyi. At high cell densities, AI-2-bound LuxP interacts with LuxQ and converts it to a phosphatase. This leads to the dephosphorylation of LuxQ and initiates a reverse flow of phosphoryl groups through the AI-2 signal pathway, thus derepressing LuxR. LuxR is then free to activate transcription of the luminescence genes (93, 97) .
Recent work on the structure of apo-LuxP complexed with the periplasmic domain of LuxQ suggests that LuxP and LuxQ exist in a complex irrespective of the presence of AI-2 in a given environment. However, the binding of AI-2 to LuxP results in conformational changes in the protein structure of LuxP and LuxQ, ultimately resulting in switching the kinase function of LuxQ to a phosphatase activity. The main roles of LuxP/Q are to detect the presence of AI-2 in the environment and to transfer the quorum-sensing information to the cytoplasm, thus regulating gene expression in response to AI-2 concentration (97) . In addition to regulation by LuxP/Q proteins, the AI-2 quorum-sensing cascade also involves small RNAs that function as negative regulators (see below).
NEGATIVE REGULATION OF QUORUM SENSING Antiactivator Proteins
In A. tumefaciens, the activity of the quorum-sensing regulator protein TraR is antagonized by several quorum-sensing antiactivator proteins. TraM is one such protein, encoded by the Ti plasmid in A. tumefaciens and also found in other members of the family Rhizobiaceae (77, 86, 136) . The TraR-inhibitory activity of TraM is absolutely required for the normal functioning of the quorum-sensing system in A. tumefaciens. The Tra quorum-sensing system regulates conjugal plasmid transfer and the replication genes in A. tumefaciens, and a TraM mutant is hyperconjugal, resulting in the transfer of the Ti plasmid to recipient cells with high efficiency even at low cell densities (159) . Therefore, the main role of TraM is to regulate the activity of the AHL-TraR complex such that it functions effectively only upon reaching a quorum (51, 108) .
Crystal structure analysis of TraM has revealed that it forms a highly stable homodimer in solution. Biochemical studies show that TraM forms a heterodimer with TraR and probably binds to the DNA binding loop in the carboxy terminal end of TraR, thereby preventing its interaction with the "tra box" on the DNA. Biochemical studies suggest that the TraM homodimer dissociates in order to form a heterodimer with monomeric TraR, in a 1:1 stoichiometry (12) . A second report suggested a multimeric interaction involving two TraR and two TraM dimers (145) . The actual mode of binding and inactivation of TraR function by TraM can be confirmed only upon studying the crystal structure of a TraR-TraM complex (12, 110, 145) . 864 GONZÁ LEZ AND KESHAVAN MICROBIOL. MOL. BIOL. REV.
Homologs of Transcriptional Regulators
TrlR (TraR-like regulator) is another protein responsible for antagonizing the activity of TraR in A. tumefaciens. The TrlR protein closely resembles the N-terminal sequence of TraR for the first 181 amino acids but is truncated due to a frameshift mutation at codon 182. Due to the similarity of TrlR to the autoinducer binding and dimerization domains of TraR, it is capable of interacting with TraR monomers to form TrlRTraR heterodimers that are functionally inactive and cannot activate transcription of the target DNA. TrlR binds to one molecule of AHL per monomer and thus can potentially titrate out the amount of AHL available to activate TraR, especially at low population densities when AHL production is at basal levels. Also, TraR not bound to AHL is rapidly degraded by the cellular proteases, and thus TrlR could act in multiple ways to regulate the activity of TraR (11) . Interestingly, TrlR expression is greatly enhanced in the presence of mannopine, a type of opine synthesized by the host plant. Mannopine is known to strongly inhibit conjugation in A. tumefaciens (100) .
The QscR (quorum-sensing control repressor) protein is a homolog of LasR and RhlR, the transcriptional regulators of Pseudomonas aeruginosa quorum-sensing systems. The main role of QscR appears to be to repress the Las and Rhl quorumsensing systems in the early growth phase. A QscR mutant expresses lasI and rhlI much earlier than wild-type cells. The mutant also shows premature production of AHLs and is hypervirulent in Drosophila melanogaster compared to wild-type strains (14, 61) . It is not clear how QscR regulates the quorumsensing system. Since it is homologous to the LasR and RhlR proteins, it could potentially bind the promoter region and repress activation of quorum-sensing-regulated genes, or alternatively, it could form inactive heteromultimers with LasR protein in a manner similar to that of TrlR of A. tumefaciens (14) . Recent work by Lee et al. shows that this protein directly activates the expression of genes that are indirectly regulated by LasR. This activity requires the presence of AHLs. LasRspecific promoters do not interact with QscR and vice versa. Those authors suggest that in addition to directly activating expression of specific genes, QscR could also interact with the LasR and RhlR proteins and act as a repressor of quorumsensing-regulated genes (62) . Further analysis of this protein and its mechanism of action could result in a better understanding of the function of such LuxR homologs.
AHL-Degrading Enzymes
attM codes for an enzyme that hydrolyzes the lactone ring of 3-oxo-C 8 -HSL, the cognate AHL made by the Tra quorumsensing system of A. tumefaciens (154) . The expression of attM is repressed by a suppressor encoded by attJ, under logarithmic growth conditions. This allows for the accumulation of AHLs and efficient conjugation in the log phase of bacterial growth. Upon entering the stationary phase, there is a rapid degradation of the AHLs. This correlates with the enhanced expression of attM under stationary-phase conditions. It was recently shown by Zhang et al. that this quormone degradation system is regulated by the stress alarmone signal (p)ppGpp (153) . The AttM system of A. tumefaciens helps the bacterium to exit from a quorum-sensing mode upon reaching starvation/stationaryphase conditions. This results in shutting off the energetically expensive conjugation and possibly other such quorum-sensing-regulated phenotypes in the bacterium. Evidence indicates that the AHLs cannot be utilized as a sole source of carbon upon cleavage by the lactonase enzyme. A second enzyme, AiiB, which is homologous to AttM, was identified in A. tumefaciens and was shown to degrade AHLs (10) . It has been suggested that AttM could play a role in regulating the AHL turnover (153) . A second report by Carlier et al. shows that the attM gene is activated specifically in response to the gamma butyrolactones. In the absence of these inducers, AHLs are not degraded by wild-type bacteria, suggesting that degradation of AHLs may not be the primary function of the enzyme. It is possible that the enzyme evolved for the catabolism of gamma butyrolactones but is able to utilize AHLs as substrates (9) .
Recently, AHL acylase and lactonase activities were identified in soil pseudomonads and P. aeruginosa PAO1 strains (50) . The AHL-degrading activity was specific towards long-chain AHLs. A soil isolate of Pseudomonas strain PAI-A was able to utilize AHLs for growth. The quorum-sensing strain P. aeruginosa PAO1, which normally produces 3-oxo-C 12 -HSL and C 4 -HSL as its quorum-sensing signals, also exhibits the ability to utilize long-chain AHLs for growth. Overexpression of pvdQ, a homolog of the AHL-acylase gene in Ralstonia spp., resulted in the accumulation of C 4 -HSL but not 3-oxo-C 12 -HSL molecules in PAO1 when grown in rich media. Interestingly, pvdQ knockout mutants of PAO1 were still able to utilize 3-oxo-C 12 -HSL for growth, suggesting that additional AHL-degrading enzymes may be present in this bacterium (50) . AHL-degrading enzymes identified in various gram-positive as well as gram-negative bacteria are used to control quorum-sensing-regulated bacterial phenotypes (see "Quorum Quenchers" in "USING BACTERIAL COMPONENTS TO MANIPULATE QUORUM SENSING" below).
mRNA-Dependent Regulation
Recent work on the regulation of quorum sensing in V. harveyi and Vibrio cholerae shows that small, regulatory RNAs (sRNAs) are involved in specifically repressing quorum sensing. V. harveyi and V. cholerae have similar quorum-sensing systems based on the AI-1-and AI-2 type autoinducers. At low cell densities, in the absence of the autoinducer molecules, a phosphorylation cascade through the autoinducer sensors and response regulators results in the phosphorylation of LuxO. LuxO phosphate (LuxO-P) is active and negatively regulates the lux system by activating the expression of a repressor. Lenz et al. identified four sRNAs, along with the sRNA binding protein Hfq, that act as repressors of the Lux system in both V. harveyi and V. cholerae (64) . They named these sRNA loci qrr1, qrr2, qrr3, and qrr4 (for quorum regulatory rna 1 to 4). These sRNA loci were regulated by LuxO-P and 54 . They are proposed to bind to LuxR and HapR (the LuxR homolog in V. cholerae) mRNAs via the Hfq protein and to enhance degradation of the mRNAs, thereby repressing quorum sensing (64) .
The RsmA protein, identified in Erwinia carotovora and P. aeruginosa, is involved in the down regulation of the corresponding quorum-sensing systems. In E. carotovora, the RsmA (repressor of secondary metabolites) is proposed to be an RNA binding protein and reduces the levels of CarI AHL synthase 
EUKARYOTIC INTERFERENCE IN BACTERIAL QUORUM SENSING
Quorum-Sensing Cross Talk between A. tumefaciens and Its Host Plant
A. tumefaciens causes crown gall disease in a variety of plants, resulting in large tumors in the crown of the plant. The Ti (tumor-inducing) plasmid of the bacterium contains genes responsible for virulence and harbors the ability to transfer a fragment of its DNA (T-DNA) into the nuclear genome of the host plant. This bacterial DNA then directs the plant cells to synthesize specific carbohydrates called opines which are readily metabolized by Agrobacterium around the crown gall tumors (160) . The Ti plasmid is transferred between bacterial cells by conjugation, and this process is regulated by the Tra quorum-sensing system. In addition to the regulation by bacterial proteins discussed above, TraR is expressed only in the presence of plant-produced opines. This ensures that conjugal transfer of the Ti plasmid occurs only in the vicinity of host tumors (Fig. 2) (98, 99, 107) .
There are at least eight chemical families of opines (98) . Opines are utilized by bacteria as a source of carbon and energy. A subset of the compounds are termed conjugal opines, and they serve as Ti plasmid conjugal transfer-inducing signals. Interestingly, there is variation in the opine-mediated regulation of TraR expression. There are at least two different types of regulation, based on the type of Ti plasmid present: the nopaline type and the octopine type. The nopaline-type Ti plasmid regulation involves a repressor protein, AccR. TraR, in this case, is encoded by part of a five-gene arc operon that is normally repressed by AccR. The presence of conjugal opines, for example, agrocinopine (Table 2) is dependent on OccR, an octopine-responsive transcriptional activator belonging to the LysR family. Therefore, in the presence of octopines, traR is expressed, leading to the onset of a quorum-sensing cascade, which eventually culminates in conjugal plasmid transfer (99) . In addition to the above-described regulation, there appears to be an additional level of QSI activity by the host plant. A third type of opine, mannopine, is involved in activating the transcription of trlR, which is an antiactivator of TraR (100). This multilevel quorum-sensing cross talk between A. tumefaciens and its host plant suggests the possibility that similar intricate QSI signaling could exist in other plant-bacterial interactions.
Furanones: Structural Mimics
Halogenated furanones are naturally produced by the Australian red alga Delisea pulchra and are known to have strong inhibitory activity against fouling organisms and herbivores. Interestingly, the furanones have structural similarity to AHLs (Table 2) . Previous research has shown that furanones are capable of interfering with the quorum-sensing behavior of several bacterial strains. One such bacterium is Serratia liquefaciens, which regulates swarming motility via AHL-dependent quorum sensing. The Swr quorum-sensing system of S. liquefaciens comprises the response regulator SwrR and the synthase SwrI, responsible for the production of C 4 -HSL and C 6 -HSL (18, 68) .
The Swr quorum-sensing system is thought to work in a manner similar to that of the Lux system in V. fischeri. Biochemical studies on the effect of specific halogenated furanones on LuxR protein overexpressed in E. coli indicate that the furanones are capable of interfering with AHL-LuxR interactions. Although furanones bind LuxR, the complex appears to be unstable. Binding of furanone to LuxR renders it highly unstable and accelerates its turnover rate. This results in the rapid disruption of the quorum-sensing-mediated gene regulation. Interestingly, addition of AHLs to the protein prior to introduction of furanones results in protecting the LuxR protein against furanone-promoted degradation. The mode of action of furanones and the nature of the interaction with the LuxR protein remain to be elucidated (81, 82) .
Interestingly, recent work by Ren et al. shows that (5Z)-4-bromo-5-bromomethylene-3-butyl-2(5H)-furanone, naturally made by D. pulchra, inhibits AI-2-dependent quorum sensing in E. coli. They showed that the furanone completely inhibits swarming motility in E. coli and greatly inhibits biofilm formation in this strain. They also analyzed the effect of the furanone on AI-1 and AI-2 indicator strains of V. harveyi and found that luminescence was greatly inhibited in both reporter strains. This luminescence suppression was reversible when excess concentrations of either autoinducer signal were present (115) .
A microarray analysis comparing the global gene expressions of E. coli K-12 and DH5␣ (which lacks an AI-2 system), along with the gene expression profile of E. coli K-12 grown in the presence or absence of the furanone, identified 166 genes that were differentially expressed by AI-2 and 90 genes that were differentially expressed by furanones. More importantly, 44 genes, most of which are involved in chemotaxis, motility, and flagellar biosynthesis, were activated by AI-2 but repressed by furanones, suggesting that furanones inhibited AI-2-dependent signaling. The genes luxS and pfs, which code for AI-2-synthesizing enzymes, and rbsB (a homolog of luxP, which codes for AI-2 receptor protein in V. harveyi) were not repressed by furanones (116) . Further research in evaluating the molecular and structural details involved in this activity will greatly enhance our understanding of the QSI compounds.
L-Canavanine as a Quorum-Sensing Inhibitor
L-Canavanine is an arginine analog found exclusively in the seeds of legumes. It has been reported to be as abundant as up to 5% (dry weight) of some leguminous seeds (149) . In addition to serving as a nitrogen source for the germinating seedlings, L-canavanine is also known to serve as an allelopathic substance by inhibiting the growth of certain bacteria and phytophagous insects (119) . Handelsman and her group showed that canavanine exuded from alfalfa seeds has the potential to affect the population biology of Bacillus cereus (31) . L-Canavanine is incorporated in place of L-arginine into nascent protein chains during synthesis, resulting in altered protein structure and function and eventually leading to death of the targeted cell (7, 119) . In our recent work, we identified L-canavanine as a QSI compound and showed that the QSI activity is independent of its effect on bacterial growth (Table 2) (54).
Our initial screen for QSI compounds from alfalfa (Medicago sativa) exudates detected several signal molecules that appeared to specifically affect quorum sensing of different bacterial strains. Some compounds had quorum-sensing-inhibitory effects, while others seemed to activate quorum sensing (unpublished results). We identified the structure of one of the quorum-sensing-inhibitory compounds that was capable of inhibiting violacein production in the indicator strain Chromobacterium violaceum CV026. The production of violacein pigment, resulting in purple colonies, is a quorum-sensingregulated phenotype in C. violaceum. CV026 is an AHL synthase mutant and hence cannot produce its own AHLs, but in the presence of externally provided AHLs, it produces violacein pigment. L-Canavanine inhibited the violacein production phenotype in the presence of synthetic AHLs (54).
Since we isolated L-canavanine from seeds of M. sativa, we analyzed its effect on the quorum-sensing system of its bacterial symbiont, Sinorhizobium meliloti. Two quorum-sensing systems, Sin and Tra, have been described for S. meliloti strains (84) . The Sin quorum-sensing system is known to regulate the expression of over 200 genes (48) . One subset of these genes code for the production of the symbiotically important exopolysaccharide EPS II (83) . We showed that L-canavanine inhibited the expression and production of EPS II. We also showed that a gene that is not normally regulated by quorum sensing suffers a negligible inhibition of gene expression compared to that of a quorum-sensing-regulated gene (1.5-fold versus 20-fold, respectively). Increasing the AHL concentration did not titrate out the QSI activity of L-canavanine, but addition of 10-fold excess amounts of L-arginine was sufficient to antagonize its QSI activity, suggesting that L-canavanine was probably interfering with protein structure and function (54) . VOL. 70, 2006 MESSING WITH BACTERIAL QUORUM SENSING 867
Human Hormones Interfere with Bacterial Quorum Sensing
A recent study on enterohemorrhagic Escherichia coli (EHEC) showed that human hormones cross communicated with the bacterial quorum-sensing system (132) . The LuxSdependent quorum-sensing system in EHEC controls several phenotypes, including pathogenicity and type III secretion, which eventually results in virulence on HeLa epithelial cells (126) . Interestingly, type III secretion and virulence phenotypes were restored in a luxS mutant by supplementing it with the human hormones epinephrine and norepinephrine (Table  2) . Other intestinal hormones were tested and found to be inactive in this assay. In addition, treating the cells with antagonists to adrenergic receptors (the hormonal receptors in human cell membranes) blocked the cross-activation of a luxS mutant by the human hormones. Sperandio et al. also suggested the presence of a third type of autoinducer, AI-3, that is dependent on the luxS system. They proposed that the pathogenic genes in EHEC are regulated by AI-3/epinephrine-norepinephrine signals and this might influence the infection process by coordinating the appropriate time and environment for the onset of virulence (132) .
Other QSI Compounds
An interesting report by Teplitski et al. described the discovery of several unidentified compounds from higher plants, which were termed AHL-mimic compounds, as they appeared to activate the expression of several quorum-sensing-regulated genes (141) . That study analyzed the presence of different AHL-mimic activities in a variety of higher plants and found that the nature of these activities varied depending on the plant species. Pea (Pisum sativum) seedlings and their exudates contained compounds that inhibited violacein production, a quorum-sensing-regulated phenotype in C. violaceum. Addition of excess AHLs after exposure to pea seedlings did not reverse this phenotype; however, exposure to AHLs prior to the addition of pea seedling exudates partially prevented the violacein inhibition phenotype. Also, other quorum-sensingregulated phenotypes in C. violaceum, such as protease and exochitinase activities, were substantially inhibited in the presence of pea seedling exudates. In addition, the pea seedling exudates were capable of activating several quorum-sensing-regulated phenotypes in different bacterial indicator strains that were based on AHL receptor proteins such as LuxR, AhyR (from Aeromonas hydrophila), or LasR (from P. aeruginosa) (141) .
Another study on Medicago truncatula indicated that it produces at least 15 to 20 compounds that are capable of specifically activating or inhibiting quorum-sensing-regulated behavior in different bacterial strains. In that study, young seedlings and seedling exudates were sequentially extracted with ethyl acetate, methanol, and 50% methanol. Each extract was then separated by high-pressure liquid chromatography, and the fractions were tested for activity with several bacterial reporter stains. The M. truncatula extracts activated reporter strains based on the quorum-sensing regulator proteins CepR (P. putida), LasR (P. aeruginosa), and LuxR (V. fischeri) and V. harveyi BB170, which responds to the AI-2 quorum-sensing signal. In addition, several compounds inhibited gene expression regulated by CviR (C. violaceum), LasR, AhyR, and LuxR. The authors also observed that there were time-dependent changes in the secretion of QSI compounds during seedling germination and development (38) .
Chlamydomonas reinhardtii, a unicellular soil-fresh water alga, was also found to secrete substances that interfered with bacterial quorum sensing. More than a dozen unidentified compounds were isolated that were capable of activating LasR or CepR but not LuxR, AhyR, or CviR quorum-sensing reporter strains. Interestingly, the ethyl acetate extracts but not the methanol extracts of the C. reinhardtii culture filtrates had the above activities. This is different from previous observations in M. truncatula and other plants, where the mimic activities appeared to prefer more-polar solvents. A partially purified LasR-stimulatory compound from C. reinhardtii extracts was used to analyze its effect on the overall proteome of S. meliloti. It was concluded that a major portion of quorumsensing-regulated proteins were also affected by the LasRstimulatory quorum-sensing mimic compound (140) .
Screening for QSI compounds is greatly facilitated by the recent creation of bacterial strains designed to detect the presence of quorum-sensing-inhibitory compounds (89, 113) . Rasmussen et al. constructed bacterial indicator strains to detect the presence of quorum-sensing-inhibitory compounds in a given sample. They designed two types of quorum-sensing inhibitor selector (QSIS) systems. The first type had a lethal gene fused to a LuxR-regulated promoter. Therefore, in the presence of AHL signal molecules, the lethal gene is expressed, resulting in death of the indicator strains. The presence of a quorum-sensing-inhibitory compound results in neutralizing the activity of AHL, and therefore the lethal gene is not expressed, allowing the growth of the bacteria on the test plates. The second type of QSIS system employed an antibiotic resistance gene that is controlled by a repressor. The repressor in turn is controlled by LuxR. In the presence of AHL, the repressor prevents the expression of the antibiotic resistance. Therefore, the indicator strain is unable to grow in the presence of the antibiotic and AHLs, unless it encounters a quorum-sensing-inhibitory compound that will allow the expression of the antibiotic resistance gene (113) .
Both of the above-mentioned QSIS systems have a visible phenotype, such as a lacZ expression or a green fluorescent protein (GFP) marker that facilitates the quantitation of gene induction and bacterial growth. In addition, Rasmussen et al. identified QSI compounds by placing various plant extracts in a well on an agar plate containing a lawn of the QSIS strain. The extracts diffuse out of the well, forming a gradient, thereby allowing simultaneous testing of various concentrations of the QSI compounds. Another advantage of this system is that growth-inhibitory compounds are not detected by this assay, thereby eliminating potential false positives. Rasmussen et al. used the above-described QSIS system to identify QSI activity in garlic extract as well as a synthetic compound, 4-nitro-pyridine-N-oxide. They further observed that these compounds enhanced susceptibility of P. aeruginosa biofilms to the antibiotic tobramycin. They also showed that garlic extract and 4-nitropyridine-N-oxide lowered the pathogenicity of P. aeruginosa wild-type strain PAO1 in a Caenorhabditis elegans nematode model (113).
In another study, the QSIS system was used to identify quorum-sensing inhibitors produced by the fungi belonging to the genus Penicillium. Extracts of 50 members of the genus Penicillium were screened, and several of them were found to have QSI activity. Two of the compounds were identified as penicillic acid and patulin (Table 2) . These compounds were found to down regulate the expression of several quorumsensing-regulated genes, as determined by a DNA microarray of P. aeruginosa. Patulin was found to accelerate LuxR turnover in a manner similar to that of the furanone C-30. Patulin also enhanced the susceptibility of PAO1 biofilms to tobramycin and promoted faster clearing of P. aeruginosa in mouse lungs (112) .
The above description of the rapidly increasing numbers of QSI compounds isolated from eukaryotes holds promise for the advancement of therapeutic medicine and pharmacology. In addition, the production of multiple QSI compounds by a single eukaryote that can effectively cripple the virulence of a variety of bacterial strains reflects on the complexity of coevolution and suggests the existence of intricate molecular signaling in eukaryote-bacterial relationships.
USING BACTERIAL COMPONENTS TO MANIPULATE QUORUM SENSING Quorum Quenchers
Several AHL-degrading enzymes identified in various bacteria have the potential to be used as quorum quenchers. Dong et al. initially identified AiiA from Bacillus species and showed that this enzyme inactivates the AHL signal and attenuates virulence when expressed in Erwinia carotovora (25) . A second report showed that a soil isolate of Variovorax paradoxus not only breaks down AHLs but is capable of utilizing them as the sole source of carbon and nitrogen (60) . Another study on quorum quenching isolated more than 20 bacteria belonging to the Bacillus cereus group which were capable of enzymatic inactivation of AHLs. Further genetic analyses revealed that the enzymes responsible for AHL inactivation were homologs of AiiA from Bacillus species strain 240B1. This enzyme is an AHL lactonase, known to act by hydrolyzing the lactone bond in the AHL (24) .
More recent work on the isolation of bacteria capable of degrading C 6 -HSL identified 25 isolates, which were further classified into six groups based on their genomic profiles. The bacteria were identified as members of the genera Pseudomonas, Comamonas, Variovorax, and Rhodococcus. The strains varied in their specificity for the acyl chain lengths of the AHLs. Interestingly, the degradation properties of the various strains depended on the nutritional medium conditions. Based on these screens, one of the isolates, Rhodococcus erythropolis strain W2, was chosen for further analysis, as it had a broad degradation spectrum. This strain was capable of inhibiting quorum-sensing-regulated phenotypes in C. violaceum and A. tumefaciens and reduced the pathogenicity of Pectobacterium carotovorum subsp. carotovorum in potato tubers (144) .
A second class of quorum-quenching enzymes was identified in Ralstonia strain XJ12B. The acylase AiiD isolated from this strain is a 794-amino-acid polypeptide that is capable of hydrolyzing the AHL amide, releasing homoserine lactone and the corresponding fatty acid. Expression of aiiD in P. aeruginosa PAO1 decreased its ability to swarm, produce elastase and pyocyanin, and paralyze nematodes, all of which are quorum-sensing-regulated phenotypes in this bacterium. Interestingly, the AHL acylase activity was found to be present mainly in the cell debris after lysis, suggesting that it may be membrane or periplasm associated. The enzyme, when incubated with 3-oxo-C 8-HSL, 3-oxo-C 10 -HSL, and 3-oxo-C 12 -HSL, completely inactivated all three signals within a few hours (50) . P. aeruginosa PAO1 and a soil Pseudomonas strain, PAI-A, are reported to degrade AHLs, with specificity for long-acyl-chain AHLs. P. aeruginosa pvdQ, which was identified as a homolog of the AHL acylase gene from Ralstonia, was cloned into E. coli and shown to degrade 3-oxo-C 12 -HSL, cleaving the long acyl chain away to produce homoserine lactones. Interestingly, a pvdQ mutant of P. aeruginosa was still able to utilize AHLs for growth, indicating that other enzymes may contribute to the AHL assimilation phenotype (50) .
Three-dimensional structure analysis of the AHL lactonase from Bacillus thuringiensis shows that it has two major ␤-sheets in a parallel formation at the center of the structure and that this is surrounded by six ␣-helices. The crystals contain one AHL lactonase subunit per asymmetric unit, which suggests that AHL lactonase is a monomer. The active site contains two zinc ions located 3.3 Å apart in a bridged dinuclear site. Interestingly, the active-site cavity is branched and extends deep into the enzyme with the two zinc ions and the potential catalytic residues, all located on the ridge between the two branches. It has been suggested that this branched active site may contribute to the specificity of lactonase for acyl chain lengths and C-3 substitutions of AHL substrates (69) .
Overall, the AHL-dependent quorum quenchers can be broadly classified into AHL lactonases and AHL acylases. It is possible that a single bacterium can possess both types of enzymes, thereby facilitating its metabolism of AHLs. Interestingly, enzymes that degrade AHLs have been identified in bacteria that produce AHLs, and these enzymes could potentially play a role in regulating quorum sensing for, e.g., P. aeruginosa PAO1 (pvdQ) and A. tumefaciens (attM and aiiB) (10, 50) . On the other hand, non-AHL-producing bacteria make AHL-degrading enzymes, which probably evolved to utilize this commonly found molecule as a carbon and nitrogen source. It is also possible that quorum quenching is used as a defense mechanism against antibiotic-producing bacteria in the ecological niche. The degradation and inactivation of AHLs also achieve a rapid depletion of the quorum-sensing signals, thereby ensuring that the AHL concentration in the environment is a true indication of the bacterial population density.
Transgenic Plants
Quorum sensing appears to be crucial for plant-bacterial interactions, be they pathogenesis or symbiosis (41, 73, 150) . A timely activation of specific phenotypes responsible for interaction with the host plant ensures a successful establishment of the bacterial population on the host. A premature activation of these bacterial phenotypes could trigger early defense responses and therefore may be deleterious to the bacterial population (80, 155) . This idea has been exploited to create trans- Another report, involving the cloning of the expI gene from E. carotovora, which is responsible for the synthesis of 3-oxo-C 6 -HSL, into tobacco, showed that the transgenic plants produced the active signal molecule and exhibited enhanced resistance to infection by wild-type E. carotovora. 3-oxo-C 6 -HSL is involved in the regulation of extracellular plant cell walldegrading enzyme (PCWDE) production in E. carotovora. These enzymes release pectic fragments from the plant cell wall that trigger the activation of plant defense. Therefore, it is beneficial to the bacterium to produce PCWDEs only upon reaching a quorum, such that they can overcome the plant defense response. Creation of transgenic plants producing AHL signal molecules sends a false message to the bacterium about its population density, eventually leading to premature production of PCWDEs. Mäe et al. showed that the ability of wild-type E. carotovora to cause disease symptoms (tissue maceration) was reduced to about half in transgenic plants compared to plants harboring only the vector. Increasing the bacterial inoculum size by fourfold or more resulted in overwhelming the enhanced resistance in the transgenic plants. Addition of synthetic AHLs to wild-type plants led to reduced maceration symptoms when challenged with wild-type E. carotovora strains (80) . More recent work involving transgenic potato plants containing the yenI gene shows increased susceptibility to soft rot infections by Erwinia strains. It was shown that the degree of susceptibility of transgenic potato plants to soft rot varied depending on the tissue tested and on the strain of E. carotovora. It has been suggested by those authors that coordinated production of PCWDEs at a high bacterial population density may be a response to nutrient limitation rather than a mechanism to overcome plant defenses (142) . The contrasting results of cloning AHL synthase into tobacco and potato plants, with one showing increased resistance and the other enhanced susceptibility to the pathogens belonging to the same genus, Erwinia, show that further research on evaluating the mechanism of action along with elucidating the details of bacterial pathogenesis is necessary.
Cloning of a bacterial AHL lactonase enzyme (AiiA from Bacillus sp. strain 2401B) into tobacco and potato plants by Dong et al. illustrates a potentially effective method to control bacterial infections (24) . Soluble protein extracted from transgenic tobacco leaves and potato tubers inactivated 3-oxo-C 6 -HSL activity in vitro. When challenged with the pathogen E. carotovora, the transgenic plants did not develop any symptoms with a low population density of inoculum (600 CFU) and exhibited much smaller maceration areas than controls with a high population density of inoculum (60,000 CFU). The initiated maceration seen with a high-population-density inoculum on transgenic plants showed significantly delayed development of symptoms upon further incubation. That study shows that the enzymatic inactivation of AHL by cloning quorum-quenching genes could be an effective approach to control bacterial infections (24) .
Synthetic Analogs for Quorum-Sensing Autoinducers
A variety of structural analogs for different AHL molecules have been studied for their effects on the quorum-sensing system of the related bacterial strain. A study on the analogs of the 3-oxo-C 8 -HSL shows that the nature of the agonistic or antagonistic activity strongly depends on the expression of the TraR protein (157) . Overexpression of the response regulator, as seen in the case of several reporter strains, results in recognition of most AHL analogs as agonists. In that particular study, wild-type levels of TraR identified 3-oxo-C 7 -HSL, 3-oxo-C 11 -HSL, and 3-oxo-C 12 -HSL as agonists. Most of the 33 compounds tested in that study inhibited AHL-dependent gene expression. C 8 -HSL, 3-oxo-C 6 -HSL, C 7 -HSL, C 10 -HSL, and 3-OH-C 9 -HSL were identified as the most effective antagonists. Overall, the agonistic or antagonistic activity, each requiring binding to TraR, is effective only when the acyl chain lengths are closer to that of the cognate AHL, 3-oxo-C 8 -HSL. When TraR was overexpressed, the bacterium was more sensitive to low concentrations of 3-oxo-C 8 -HSL than its parent strain. In addition, this strain identified 29 of the 33 tested compounds as agonists. Interestingly, compounds with four carbons in their acyl chains were not recognized even when TraR was overexpressed (157) . Similar studies conducted with synthetic analogs for cognate AHLs of other quorum-sensing systems indicated that the homoserine lactone ring was very important for biological activity, while the nature of the acyl chains was not as critical for binding the response regulator (117) .
Another study aimed at synthesizing analogs to 3-oxo-C 6 -HSL and C 6 -HSL with either ramified, cycloalkyl, or aryl substituents at the C-4 position of the acyl chain (117) . Those authors concluded that the inducing activity is retained if one branching is introduced at the C-5 position of the acyl chain. The best antagonists were compounds with a phenyl group or a phenyl group bearing a heteroatom in the para position. Naphthyl and biphenyl compounds showed no activity, probably due to steric hindrance. They also observed that the 3-oxo group, which is important for the inducing activity, also favors the antagonistic activity of phenyl derivatives. Overall, the secondary alkyl derivatives had agonistic activity, while the aryl and tertiary alkyl derivatives had antagonistic activity when tested with an E. coli-based luminescent biosensor strain containing a plasmid with the lux genes from V. fischeri (117) .
Olsen et al. synthesized AHL analogs based on the strategy that modifying the conserved lactone head group of AHLs will probably result in antagonistic molecules with a broader appli- cation range. Based on their observations, they concluded that the analogs with C-4 substitutions on the lactone ring were weak activators, implying that this part of the molecule is crucial for recognition by LuxR, whereas substitution at the third position on the lactone ring resulted in activators of LuxR. Two compounds containing carbamate lactones were identified as inhibitors, although they appeared to be less efficient than a furanone (102) . Several furanone-based structural analogs have also been synthesized and analyzed for their QSI activity. A recent study reported the isolation of two natural products from a marine sponge and a Pseudomonas sp. that were structurally similar to furanones. These compounds, isocladospolide and acaterin, were used as templates for further modifications, and the resulting compounds were tested against LuxR-based E. coli biosensor strains. The 5H-furan-2-ones substituted with short alkyl chains were in general more antagonistic than the longeralkyl-chain counterparts. Also, a substitution at the C-3 or C-5 position of the alkyl chain resulted in the most active antagonists (47) .
Another interesting study using synthetic furanones tested on mouse lungs infected with different bacterial strains indicated that the QSI effect of furanones was functional in vivo and helped to enhance clearance of P. aeruginosa from infected lungs (151) . Synthetic furanones were initially tested on mouse lungs infected with E. coli strains carrying luxR-P luxI -gfp-based quorum-sensing sensors. AHL-dependent GFP expression was completely inhibited by intravenous injection of the active furanones. This inhibition was overcome by providing excess amounts of AHLs. This suggested that the synthetic furanones were transported via the blood to the lungs, entered the lung tissues, and inhibited 3-oxo-C 6 -HSL-dependent gene expression in the bacteria. The death of mice inoculated with wild-type P. aeruginosa PAO1 was significantly delayed when they were treated with synthetic furanone, although the furanone could not prevent the death of the mice. In addition, there were fewer CFU of the bacterium on the furanone-treated lung surface compared to untreated controls. This suggests that the ability of the bacteria to colonize may be greatly reduced owing to inhibition of quorum sensing or because the bacterial clearance from lungs was enhanced due to furanones (151) .
A C. violaceum-based screen for QSI compounds used natural and chemically synthesized furanones and aimed at identifying compounds that either inhibited or enhanced quorumsensing-dependent behavior (87) . The authors designed a microtiter dish-based assay that would differentiate between compounds that affect growth, activate quorum sensing in C. violaceum strain CV026, inhibit violacein formation induced by the cognate AHL, or enhance violacein formation in the presence of AHL. They found that some furanones were toxic at a higher concentration but inhibited quorum sensing at a much lower nontoxic concentration. Several compounds were found to enhance quorum sensing at suboptimal C 6 -HSL concentrations but were antagonistic when optimal concentrations of C 6 -HSL were present. This study reflects on the variability of the activity of a given compound based on its concentration as well as the availability of quorum-sensing-activating AHLs (87) .
CONCLUSION AND PERSPECTIVES
Quorum-sensing-interfering compounds either produced naturally by certain eukaryotic hosts, synthesized by chemical methods, or produced by creating transgenic plants all have either a positive or a negative effect on the expression of bacterial phenotypes regulated by quorum sensing.
Synthetic analogs that function as QSI compounds and either enhance or inhibit quorum-sensing behavior could have potential clinical applications. Two issues appear to be worth considering while evaluating synthetic compounds for QSI activity. First, as shown by Zhu et al., overexpression of the response regulator gives false reactions, as in the case of TraR, which, when overexpressed, detected several antagonistic compounds as agonists (157) . Hence, wild-type levels of response regulator should be used for the screening. Second, these compounds should probably be analyzed over a range of concentrations, as a compound acting as an antagonist at higher concentrations may actually function as an agonist when provided at a lower concentration (87) .
Creation of transgenic plants by cloning AHL synthases or lactonases holds promise for preventing plant diseases (24) . At the same time, a more thorough testing of the effects on the competing ecological flora needs to be considered. Production of AHLs or lactonases may enable the plant to ward off potential attacks, but since this also targets the quorum-sensing systems of the other potentially beneficial flora in soil, it may lead to other repercussions. In addition, in the case of transgenic plants belonging to the edible group, additional caution needs to be exercised, as AHLs seem to persist even in older tissues (35) . Strategies to inactivate the transgenic enzymes and their accumulated products before marketing might be worth investigating. One final consideration is that the general suppression of all the AHL-dependent bacteria may result in an unbalanced encouragement of bacteria that use other types of autoinducers for quorum sensing, some of which may actually be pathogenic to the host. Several host plants have been shown to produce compounds that influence the quorum-sensing-regulated behavior of associated bacteria. It is possible that bacteria have developed mechanisms to counteract the eukaryotic interference. This could explain the presence of multiple types of autoinducer signals made by a single bacterium to regulate common phenotypes (91, 93) . Most of the QSI compounds identified so far appear to be targeted towards AHL-dependent quorum sensing. An investigation of QSI compounds directed towards other type of autoinducer molecules could provide us with potential tools against bacteria using multiple types of autoinducers to regulate a single phenotype, as seen in the case of V. harveyi, P. aeruginosa, and others (49, 93) .
In conclusion, the study of bacterial quorum sensing has suggested several ideal targets for drug design as well as agricultural and industrial applications. In addition, eukaryotes seem to have evolved efficient mechanisms to manipulate bacterial quorum sensing and thereby protect themselves from pathogenic attack. Parallel to this, certain bacteria have evolved mechanisms to fine-tune gene regulation by incorporating eukaryotic signal molecules in the superregulation of their quorum-sensing behavior. This eukaryote-bacterial cross talk could be exploited to model manipulative techniques that 
